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a-Endosulfine is a small protein that has been proposed to regulate ion channel activity and insulin secretion, but in vivo studies have
been lacking. We have previously established the Drosophila ovary as a model system in which to study adult tissue growth regulation, and
demonstrated a role of the insulin pathway in the proliferative response of ovarian cells to nutritional changes. Here, we find that the
Drosophila a-endosulfine (dendos) gene, whose protein is expressed in germline and somatic cells of the ovary, as well as in the brain and
certain regions of the intestine, is also required for this response. This requirement is non-cell autonomous, which is consistent with a role of
dendos in secretion of Drosophila insulin-like peptides (DILPs), required for the proliferative response to nutritional changes. Our results
show that dendos is also required for a distinct process in oogenesis, namely, the osmotic regulation of stage 14 oocytes, and that this
requirement is cell autonomous, consistent with the role in ion channel regulation suggested by studies of the mammalian homologues.
D 2003 Elsevier Inc. All rights reserved.Keywords: Tissue growth; Oogenesis; Insulin; a-Endosulfine; dendosIntroduction
a-Endosulfine has been proposed as a regulator of ion
channel activity (Heron et al., 1998; Virsolvy et al., 2002)
and insulin secretion (Bataille et al., 1999). It is a 121-amino
acid protein that belongs to a family of cAMP-regulated
phosphoproteins (ARPP) (Dulubova et al., 2001; Peyrollier
et al., 1996). a-Endosulfine was purified from porcine brain
extracts by a series of chromatographic steps based on the
ability of fractions to inhibit the binding of the sulfonylurea
glibenclamide to h-cell membranes (Virsolvy-Vergine et al.,
1992, 1996). The sulfonylureas, drugs that are widely used to
treat type II diabetes, act by binding to the SUR1 regulatory
subunit (hence SUR, meaning sulfonylurea receptor) of an
ATP-sensitive potassium channel (KATP) present in pancre-
atic h cells (Ashcroft et al., 1993). In mammals, this channel0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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(D. Drummond-Barbosa).plays a central role in the control of insulin secretion (Figs.
1A,B). The h-cell KATP channel is composed of four copies
each of two types of subunit: the inward rectifier Kir6.2 and
the regulatory subunit SUR1, which contains structural
features characteristic of the ATP-binding cassette family.
It is normally in an open state (Aguilar-Bryan et al., 1998;
Ashcroft and Gribble, 1998; Babenko et al., 1998), deter-
mining the resting h-cell membrane potential. Upon stimu-
lation by high [ATP]/[ADP] ratio (resulting from increased
glucose availability), the h-cell KATP channel closes, result-
ing in membrane depolarization. Depolarization triggers the
opening of voltage-gated calcium channels, and the subse-
quent increase in intracellular calcium concentration initiates
the exocytosis of insulin granules. Like the sulfonylureas,
recombinant a-endosulfine has been reported to close the
KATP channel and stimulate basal insulin secretion in MIN6
pancreatic h cells (Heron et al., 1998). Despite the pharma-
cological data demonstrating that a-endosulfine can induce
insulin secretion, in vivo studies of a-endosulfine have not
been reported.
The Drosophila ovary (Fig. 1C) provides a system in
which to study the in vivo function of a-endosulfine and its
role in insulin secretion. Each ovary is composed of 15–20
Fig. 1. (A,B) a-Endosulfine can induce insulin secretion by pancreatic h
cells. The KATP channel of the mammalian h cell (pink) is normally in an
open state (A) and sets the resting membrane potential. The high [ATP]/
[ADP] ratio resulting from an increase in glucose availability induces KATP
channel closure (B), membrane depolarization, the opening of voltage-gated
calcium channels (blue) and calcium influx. The increase in intracellular
calcium concentration stimulates the secretion of insulin granules (green).
Sulfonylureas are drugs used to treat type II diabetes, and their mechanism
of action involves binding to the regulatory subunit SUR1 of the KATP
channel to induce its closure and a similar cascade of events. a-Endosulfine
can also bind to SUR1 and induce basal insulin secretion in MIN6 h cells in
culture, although in some instances, it can also bind and close the calcium
channel, thereby blocking glucose-stimulated insulin secretion. (C)
Diagram of the Drosophila ovary. Each ovary contains 15–20 ovarioles,
and each ovariole (top) is composed of the germarium (g) and progressively
older egg chambers. Egg chambers are formed from stem cells present
inside the germarium. The division of each germline stem cell gives rise to a
cystoblast, which divides to form a 16-cell cyst. Follicle cells (fc, green)
derived from the somatic stem cells envelop each cyst to form an egg
chamber. The egg chamber buds off from the germarium and progresses
through oogenesis. (Adapted from Drummond-Barbosa and Spradling,
2001.)
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chambers (Spradling, 1993). Each egg chamber is composed
of a germline cyst, containing the oocyte (oo) and the
supporting nurse cells (nc), surrounded by somatic follicle
cells, which divide mitotically until stage 7 of oogenesis. At
stage 8, the oocyte starts taking up yolk and undergoes
significant growth until it finally reaches stage 14 of
oogenesis. Several external factors influence the rate of
egg production such as nutrition, humidity, and availability
of males and of egg laying sites (Ashburner, 1989; Bownes
and Blair, 1986; King, 1970). In particular, the rate of
proliferation of somatic and germline stem cells, as well
as of their mitotically dividing progeny, responds to nutri-
tional input (Drummond-Barbosa and Spradling, 2001). In
females kept on a protein-rich diet, the follicle cell prolif-
eration rate is 3- to 4-fold higher compared to that on a
protein-poor diet. Upon switching from a rich to poor food
source, or vice versa, the adjustment of proliferation rates
occurs within 18–24 h. This rapid and reversible change of
proliferation rates in response to nutritional input requires
the insulin pathway, based on the analysis of a female sterilemutation of the insulin receptor substrate (IRS)-like gene
chico, a major insulin pathway mediator (Drummond-Bar-
bosa and Spradling, 2001).
The physiology of insulin action during the proliferative
response to nutrition is poorly understood, although female
sterility results from mutations of several components of the
insulin pathway (Bohni et al., 1999; Chen et al., 1996;
Montagne et al., 1999). Specifically, it is unclear where the
insulin signal comes from and what regulates its secretion.
Seven different genes encoding Drosophila insulin-like
peptides (DILPs) exist, and they are expressed in distinct
patterns throughout development. In adults, DILP2 (and
perhaps other DILPs) are expressed in a pair of clusters of
neurosecretory cells in the brain (Cao and Brown, 2001;
Ikeya et al., 2002; Rulifson et al., 2002), while dilp5 mRNA
is detected in ovarian follicle cells surrounding stage 10
(Ikeya et al., 2002). Ablation of DILP-producing cells in the
brain results in lower rates of egg production (Ikeya et al.,
2002), suggesting that the brain may be the source of DILPs
for the proliferative response to nutrition.
The Drosophila a-endosulfine (encoded by dendos)
represents the only member of the ARPP family in this
organism, and it is 45–47% identical and 61–63% similar
to the mammalian a-endosulfine (Fig. 2A). We find that
dendos is required for two distinct processes in oogenesis:
the proliferative response of the ovarian follicle cells to
nutritional changes, and the osmotic regulation of stage 14
oocytes. In the adult, Dendos protein is expressed in germ-
line and somatic cells of the ovary, as well as in the brain
and certain regions of the intestine. We also examined the
requirement of dendos activity for its roles in oogenesis.
While dendos is required within the germline in a cell-
autonomous manner for the stage 14 osmotic regulation,
consistent with the proposed role in ion channel regulation,
it is required non-cell autonomously for the proliferative
response to nutrition, consistent with a role in the regulation
of DILP secretion in vivo.Materials and methods
Drosophila strains and crosses
Fly stocks were maintained at 22–25jC on standard
medium. The dendos00003 mutant strain was identified in a
P-element mutagenesis screen (Karpen and Spradling,
1992), and was originally designated fs(3)00003. The den-
dosEY01105 mutant strain was generated by the BDGP gene
disruption project (see http://flypush.imgen.bcm.tmc.edu/
pscreen/) and was originally designated EY01105. den-
doss67006 (Deak et al., 1997) was originally designated
l(3)s67006. X-15-29, X-15-33 and hs-FLP strains used for
cell lineage tracing are described in Harrison and Perrimon
(1993). The w; D P{w+ mW.hs = FRT(whs)} 2A/TM3, Sb1
(FRT79D) (Xu and Rubin, 1993) and w; P {w+ mC = ovoD1-
18} 3L P {w+ mW.hs} 2A/ st1 betaTub85DD ss1 es/TM3, Sb1
Fig. 2. Drosophila a-endosulfine (dendos) mutations disrupt gene expression. (A) Drosophila (D.m.) a-endosulfine is 45–47% identical to human (H.s.)
and mouse (M.m.) a-endosulfines. Shaded amino acid residues represent identities among the mammalian a-endosulfines. The blue boxes highlight the
putative cAMP-dependent phosphorylation site (Basic-Basic-X-Serine consensus), which is conserved in vertebrate, Drosophila, Caenorhabditis elegans
(C.e.) and yeast (not shown) homologues. (B) The P-element insertions EY01105, fs(3)00003 and l(3)s67006 are located in the 5Vuntranslated region of
three dendos alleles at positions + 71, + 58 and + 11 from the predicted start of dendos transcription. The chromosome carrying the l(3)s67006 insertion
has a second site independent lethal mutation not in dendos. Thick black bars represent exons (with coding region colored gray). Thinner bars represent
introns. CG6513 is synonymous with dendos. (C) The P-element insertions cause a dramatic reduction in dendos mRNA levels. +/+ represents wild-type
ovaries, +/00003 and 00003/00003 represent dendos00003 heterozygous and homozygous ovaries, respectively. rRNA stained with methylene blue is the
loading control.
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mutant mosaic analysis have been previously described.
Other genes and balancer chromosomes are described in
FlyBase (Ashburner and Drysdale, 1994).
For complementation tests, dendos00003/TM3, Sb1, den-
dosEY01105/TM3, Sb1, and dendoss67006/TM3, Sb1 flies were
crossed to each other. Three to five Sb+ females resulting
from each cross were combined with wild-type males into
vials with yeasted food (in triplicate) to assess fertility.
For egg counts, young flies (0–2 days old) were grown
in plastic bottles containing molasses plates (changed daily),
which provide moisture and sugars. Plain molasses plates
served as a poor food source, whereas molasses plates
containing a layer of wet yeast provided a rich food source.
To measure egg production, five pairs of flies per bottle
were cultured and the number of eggs laid was counted
every 24 h in duplicate.
Excisions of the dendos00003 P-element insertion (which
carries a ry+ marker) were generated by crossing it to a
stable source of P transposase. TM3-balanced stocks were
derived from 163 individual ry males resulting from
mobilization of the P-element. Homozygous excisions were
subsequently tested for fertility, and 40 of those were found
to reverse the female-sterility phenotype.Digital photographs of stage 14 oocytes were taken upon
the dissection of backed-up ovaries (resulting from the
accumulation of stage 14 egg chambers due to the transfer
of females from a rich source onto a poor source of food
overnight) in Grace’s medium (Biowhittaker). Stage 14
oocytes from non-backed-up females looked similar.
Proliferation rate measurements using the FLP/FRT cell
lineage tracing system
Mitotic clones were generated as previously described
(Drummond-Barbosa and Spradling, 2001; Margolis and
Spradling, 1995). Females of genotypes hs-FLP/+; X-15-
29/X-15-33; dendos00003/dendos00003, and hs-FLP/+; X-15-
29/X-15-33; dendos00003/+ were produced by standard
crosses. Zero- to 4-day-old flies were kept in empty bottles
with rich or poor food sources for 2 days. Flies were
transferred to empty vials containing wet Kimwipes with
or without wet yeast, respectively, and immersed in a 38jC
water bath for 1 h to induce flipase expression. Flies were
subsequently transferred to the appropriate food sources.
Somatic clones were identified at different time points after
heat-shock by expression of the h-galactosidase (h-gal)
reporter as detected by antibody staining. The number of
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calculated using Delta Graph Pro 3.5.
Mutant clonal analysis
Mutant mitotic clones were generated according to Xu
and Rubin (1993). Females of genotypes hs-FLP/w; Ubi-
GFPnls FRT79D/dendos00003 FRT79D were produced by
standard crosses. One- to 4-day-old females were heat-
shocked for 1 h at 38jC three times, about half a day
apart. Flies were transferred to fresh food (containing yeast
paste), and kept at 25jC for 10 days, to ensure that clones
analyzed were stem cell clones (Margolis and Spradling,
1995). Flies were transferred to fresh food vials daily.
dendos00003 mutant clones were identified by the absence
of both Dendos and GFP, as detected by antibody staining
(see below).
Germline mosaics were generated using the FLP-dom-
inant female sterile (DFS) technique as described by Chou
and Perrimon (1996). Females of genotypes hs-FLP/w;
ovoD FRT79D/dendos00003 FRT79D were produced by
standard crosses. In experiment I, 0- to 3-day-old females
were heat-shocked for 1 h at 38jC twice a day for 2 days.
Flies were transferred to fresh food (containing yeast paste)
daily, and kept at 25jC for 2 weeks. In experiment II, 0- to
2-day-old females were heat-shocked for 1 h at 38jC twice
a day for 3 days, and subsequently kept at 25jC for 10
days in fresh food. Females from experiment I laid five
eggs, whereas females from experiment II laid 21 eggs.
Ovaries were dissected and stained with anti-Dendos anti-
bodies (see below) to confirm the absence of Dendos
protein in the germline of late egg chambers of heat-
shocked flies.
Northern analysis
Females were kept on vials containing wet yeast paste for
3 days. Three pairs (for y; ry and dendos00003/TM3 geno-
types) or eight pairs (for dendos00003/dendos00003) of ovaries
were dissected in Grace’s medium and homogenized in 300
Al of a 1:1 mixture of homogenization buffer (50 mM NaCl,
50 mM Tris–HCl [pH 7.5], 5 mM EDTA [pH 8.0], 0.5%
SDS) and phenol/chloroform/isoamyl alcohol (25:24:1 ra-
tio). The aqueous layers were extracted once with phenol/
chloroform/isoamyl alcohol and once with chloroform/iso-
amyl alcohol, and subsequently precipitated with sodium
acetate and ethanol. Samples were size fractionated by
electrophoresis and transferred to a Genescreen nylon mem-
brane. Membrane was stained with methylene blue for
visualization of ribosomal RNA, and the LD19034 cDNA
was used as a probe for dendos00003.
Antibody production and Western analysis
Antisera were produced against a bacterially expressed
GST-full length Dendos fusion protein. To generate aplasmid expressing a GST-full length Dendos fusion pro-
tein, we used the primers 5V-GGGGATCCATGAGC-
TCCGCGGAAGAAAAC-3V and 5V-GGGAATTCT-
TAGCTCGTCGCCGGGAACTTG-3V to amplify the
dendos open reading frame (ORF) from the LD19034
cDNA and to introduce BamHI and EcoRI restriction sites
at the 5V and 3V ends of the ORF, respectively, by
polymerase chain reaction (PCR). The resulting 376-bp
PCR product was digested with BamHI and EcoRI and
subcloned into the pGEX4T2 vector (Pharmacia Biotech)
downstream of and in frame with the GST coding region,
to create the pGEX4T2-Dendos construct. The sequence
of the region encoding the GST-Dendos fusion was
confirmed. The pGEX4T2-Dendos construct was intro-
duced into BL21pLysS bacteria (Stratagene), and expres-
sion of the GST-Dendos fusion protein was induced for 3
h at 30jC in 0.2 mg/ml IPTG. The fusion protein was
purified as previously described (Martin et al., 1998), and
used to generate two rabbit (c302 and c303) and two
guinea pig (c304 and c305) antisera at Spring Valley
Laboratories.
Females were kept in vials with food containing wet
yeast paste for 2–3 days. Two pairs of ovaries, two
carcasses, two heads, or two intestines of appropriate
genotypes were dissected in Grace’s medium and homog-
enized in 40 Al of 2 sample buffer (4% [weight/volume]
SDS, 200 mM dithiothreitol, 300 mM Tris–HCl [pH 6.8],
20% glycerol, 0.04% bromophenol blue) and stored at
 80jC. Ten microliters of ovary extract, and 20 Al of
remaining extracts were used for electrophoresis. For egg
extracts, females of genotype hs-FLP/w; Ubi-GFPnls
FRT79D/dendos00003 FRT79D were transferred to empty
bottles with molasses plates containing a layer of wet yeast
paste 10 days after heat-shock (see above), and allowed to
lay eggs overnight at 25jC. Eight collapsed eggs or eight
normal eggs were homogenized in 40 Al of 2 sample
buffer and stored at  80jC. All of the egg extracts were
used for electrophoresis. Samples were boiled for 10 min
and electrophoresed on an SDS–15% acrylamide–0.08%
bisacrylamide gel at 40 mA for 5 h. Gels were soaked for 5
min in transfer buffer (25 mM Tris–HCl, 192 mM glycine,
20% [vol/vol] methanol) and transferred electrophoretically
to an Immobilon polyvinylidene difluoride membrane
(Millipore) at 100 V for 1–2 h. Blots were incubated in
5% milk in TNE-T (5% [wt/vol] Carnation nonfat dry milk
in 20 mM Tris–HCl [pH 7.5], 5 mM EDTA, 100 mM
NaCl, 0.1% [vol/vol] Tween 20 [TNE-T]) for 1 h. A 1:500
dilution of anti-Dendos (c304) or 1:50 dilution of anti-actin
(JLA 20, Developmental Studies Hybridoma Bank) in 5%
milk in TNE-T was incubated with blots for 2 h at room
temperature or overnight at 4jC. Immunoblots were
washed three times for 10 min with TNE-T. After incuba-
tion for 1 h with a 1:5000 dilution of protein A-HRP
(Amersham Biosciences), blots were washed again and
subjected to enhanced chemiluminescence detection as
specified by the manufacturer (Amersham).
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Females were kept on food vials containing yeast paste
for 2–3 days. Ovaries, brains and intestines were dissected
in Grace’s medium. Ovarioles were teased apart. Tissues
were fixed for 13–15 min at room temperature in Buffer B
(16.7 mM KH2PO4/K2HPO4, 75 mM KCl, 25 mM NaCl,
3.3 mM MgCl2, pH 6.8) containing 0.1% IGEPAL CA-630
(Sigma) and 5% formaldehyde (Ted Pella). They were
washed and stained as described in de Cuevas et al.
(1996), except that PBS containing 0.1% IGEPAL CA-
630 was used instead of PBT. Guinea pig anti-Dendos
(c304) antibodies were used at 1:1000 dilution. Rabbit
anti-GFP antibodies (Torrey Pines) were used at 1:1000
dilution. Anti-DILP antibodies (Cao and Brown, 2001) were
used at 1:200 dilution. Cell culture supernatants from the
mouse monoclonal 1B1 antibody (Developmental Studies
Hybridoma Bank), which recognizes a Hts-related protein,
were used at 1:10 dilution to highlight cell membranes.
Alexa 488-, Alexa 568-, and Alexa 633-conjugated goat
secondary antibodies (Molecular Probes) were used at 1:400
dilutions. Stained tissues were mounted in Vectashield
(Vector Laboratories) and analyzed using a Leica TCS-NT
confocal microscope.Results
Drosophila a-endosulfine (dendos) is required for the
ovarian proliferative response to nutrition
As described above, we have established the Drosophila
ovary as a model system in which to study tissue growth
regulation in response to nutrition. Ovarian cells respond to
a protein-rich diet by increasing their rates of proliferation,
and the insulin pathway is required for a normal response
(Drummond-Barbosa and Spradling, 2001). To study the in
vivo role of a-endosulfine using this system, we examined a
female sterile mutant containing a P-element insertion,
fs(3)00003 (Fig. 2B), which disrupts the Drosophila homo-
logue of a-endosulfine (dendos) and causes a 2- to 3-fold
reduction in the rate of egg laying on a rich food source
(Fig. 3A). We named this allele dendos00003. The fs(3)00003
P-element insertion causes the female sterility phenotypeFig. 3. The loss of dendos function causes two separate phenotypes during oogene
Five pairs of flies per bottle were kept on a poor food source for 5 days and switch
per dendos00003/TM3 (black bars) and dendos00003/dendos00003 (red bars) female
representation of Flipase system. Flies carry two inactive lacZ transgenes (X-15-29
recombination between the Lac transgenes through the FRT region takes plac
tubulin-lacZ transgene (Lac+). Constitutive expression of nuclear h-galactosidase c
1993). The average clone sizes were plotted for dendos00003 heterozygotes (C) and
next to the corresponding curves. Examples of h-gal (green) labeled clones 2 days
1B1 antibodies (red) highlight cell membranes. (E–H) dendos is required for the o
are wrinkled due to a normal process of dehydration. Upon passage through the o
eggs (G). dendos00003 mutant stage 14 egg chambers retain water (F). The proce
collapse of the laid eggs (H).because we mobilized the P-element and found that its
precise excision rescued this phenotype. In addition, two
other alleles, dendosEY01105 and dendoss67006, caused by
independent P-element insertions (EY01105 and l(3)s67006,
respectively), fail to complement the female sterility pheno-
type of dendos00003, and also result in female sterility over
each other. The fs(3)00003, EY01105 and l(3)s67006 P-
element insertions are located in the 5Vuntranslated region
of dendos, and cause a dramatic reduction of dendos mRNA
levels (Figs. 2B,C).
To determine whether the reduced rate of egg laying of
the dendos mutants is the result of a defective ability of
ovarian cells to up-regulate proliferation rates in response to
a rich food source, we examined the dendos00003 mutant
using the cell lineage labeling system previously described
(Drummond-Barbosa and Spradling, 2001; Harrison and
Perrimon, 1993; Margolis and Spradling, 1995) (Figs.
3B–D). On a poor food source, control heterozygous
females and dendos00003 mutant females show very similar
rates of follicle cell proliferation. In contrast, on a rich food
source, dendos00003 mutant follicle cells proliferate at a
reduced rate compared to wild-type follicle cells. The
impaired ability of dendos00003 mutant females to up-regu-
late follicle cell proliferation rates in response to a protein-
rich diet is very similar to the defect found in chico1 mutant
females (Drummond-Barbosa and Spradling, 2001), in
which the insulin pathway is compromised.
dendos mutant females have a second defect at a later
stage of oogenesis (Figs. 3E–H). Normal mature stage 14
oocytes have a wrinkled appearance due to a process of
dehydration that occurs at the end of oogenesis (Mahowald
and Kambysellis, 1980; Spradling, 1993). Following ovu-
lation, the oocyte moves rapidly through the oviduct to the
uterus where it is fertilized by a sperm. During the passage
through the oviduct, the egg is re-hydrated and swells
rapidly, resulting in a laid egg that is expanded, has a taut
egg shell, and has undergone activation (see Figs. 3E,G).
Mature oocytes can be activated in vitro by incubation in
hypotonic solutions (Mahowald et al., 1983), suggesting a
role for ion channels in these events. In contrast to wild
type, 100% of stage 14 egg chambers of dendos mutant
females retain water and do not have a wrinkled appearance
(Figs. 3E,F). Once the eggs are laid, they lose water
(perhaps due to a failure to fully impermeabilize the eggsis. (A–D) dendos is required for the proliferative response to nutrition. (A)
ed to a rich food source (arrow) for 5 days. The average number of eggs laid
s is shown, and thin bars represent standard deviations. (B) Diagrammatic
and X-15-33, referred to as Lac ). Upon heat-shock induction of flipase,
e in a fraction of mitotically dividing cells, thereby regenerating an active
an be used as a marker to trace clonal cell lineages (Harrison and Perrimon,
homozygotes (D) on different food sources. Doubling times (d.t.) are shown
after heat shock (C’,D’; arrowheads) are shown. Scale bar represents 10 Am.
smotic regulation of stage 14 oocytes. Wild-type stage 14 egg chambers (E)
viduct, they become re-hydrated to acquire the inflated appearance of laid
ss of egg activation is presumably impaired, leading to loss of water and
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hour (Figs. 3G,H). None of the laid eggs develop, and the
females are therefore completely sterile. The inability of
dendos mutants to properly regulate the osmolarity of late
oocytes is consistent with the role in ion channel regulation
suggested by studies of the mammalian homologues
(Bataille et al., 1999; Virsolvy et al., 2002).
Dendos protein is expressed in the ovary, brain and intestine
To determine where Dendos protein is expressed, we
generated antibodies against a GST-Dendos fusion protein.
Four different antisera were obtained—two in rabbits and
two in guinea pigs—which recognize a specific band of
correct molecular weight on ovary Western blots (Fig. 4A
and data not shown). In addition to the major band, a slightly
higher mobility form is present at lower levels in the ovary,
which correlates with stages 11–14 of oogenesis (as deter-
mined by stagedWestern blots; data not shown). In wild-type
females, we also observed expression of the lower mobility
form of Dendos in the head and in the gut (Fig. 4B). In
mutant females, Dendos protein levels are dramatically
reduced in all tissues, as expected from the mRNA levels.
We have also examined the wild-type expression pattern
of Dendos in different organs of adult flies by immunoflu-
orescence and confocal analysis (Fig. 5). In the ovary,
Dendos is expressed in all stages of oogenesis in both the
germline and the somatic cell types, and it becomes enriched
at the cortex of egg chambers starting around stage 6 of
oogenesis. Dendos protein is also expressed in cell bodies
throughout the brain, while in the intestine, it is expressed in
the cardia (which secretes the peritrophic membrane), the
hindgut (where water re-absorption takes place) and Mal-
pighian tubules (also involved in water re-absorption).
Dendos expression in the gut seems to correlate with gut-
specific secretion and ion transport. In contrast, the expres-Fig. 4. Dendos is expressed in the ovaries, head and gut. (A) Anti-Dendos antibo
ovaries (y;ry and 00003/TM3). Dendos protein levels are drastically reduced in th
the Dendos protein is also expressed in the head and gut of wild-type flies and decr
to control for loading. carc. stands for carcasses (i.e. what remains of the female
indicates the higher mobility form of Dendos.sion both in the brain, where Drosophila insulin-like peptide
(DILP)-producing neurosecretory cells reside (Ikeya et al.,
2002; Rulifson et al., 2002), and in the ovary, which also
harbors DILP-producing cells (Ikeya et al., 2002), is con-
sistent with a potential role in the ovarian response to
nutrition. For instance, dendos activity may be required
for the secretion of a target (such as DILPs), from either the
brain or ovarian follicle cells, which in turn mediates the
ovarian proliferative response to nutrition.
Dendos is required non-cell autonomously for normal rates
of egg chamber development and follicle cell proliferation
The expression pattern of Dendos in the brain and in the
ovary points to these tissues as potential sites of dendos
activity for its roles in oogenesis. It is important to deter-
mine where dendos function is required relative to where the
dendos mutant defects are observed to distinguish between
cell-autonomous (implying very local effects and effectors)
and non-cell-autonomous (implying longer range effects and
secreted effectors) mechanisms of action. To begin to
address where Dendos expression is required for its func-
tions in oogenesis, we carried out mutant mosaic analysis
using the FRT/FLP technique (Xu and Rubin, 1993).
Heterozygous flies carrying a wild-type allele over a den-
dos00003 mutant allele on chromosome arms containing a
flipase recognition target (FRT) sequence near the base
(FRT79D), as well as flipase (FLP) recombinase under the
control of a heat-shock inducible promoter were generated
(see Fig. 7A’). Flies were heat-shocked (to induce FLP-
mediated recombination between the FRT sites) and, after
10 days, dendos00003 homozygous mutant clones were
analyzed. The homozygous mutant clones could be recog-
nized by the absence of Dendos protein. Mosaic ovarioles
fell into various different categories, depending on whether
follicle cells, germline cells, or both cell types were mutant,dies recognize two mobility forms of Dendos in Western blots of wild-type
e dendos00003 homozygotes (00003/00003). (B) The lower mobility form of
eased in the mutant. Western blots were re-probed with anti-actin antibodies
once the ovaries are removed). ** indicates the lower mobility form and *
Fig. 5. Dendos expression pattern in the ovaries, gut and brain. (A)
Immunofluorescence analysis with anti-Dendos antibodies (green) shows
that it is expressed at high levels in germline and somatic cells of the ovary,
and that it becomes enriched at the cortex of egg chambers during later
stages of oogenesis. Propidium iodide (red) labels cell nuclei. (B) In the gut,
Dendos is expressed in the cardia (ca), malpighian tubules (mt) and hindgut
(hg). (C,C’) Dendos is expressed throughout the brain. In the mutant (A’),
Dendos expression is largely reduced. All scale bars represent 10 Am,
except in B, where it represents 100 Am.
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cells. If any of these egg chambers developed at the rate
characteristic of the homozygous mutant, it would severely
disrupt the regular progression of stages in the ovariole and
be readily recognizable. We observed that, regardless of
whether egg chambers were composed of mutant germline
or mutant follicle cells, or both, they developed at the same
rate as and showed similar morphology to that of theneighboring wild-type egg chambers (data not shown). In
addition, dendos00003 mutant and wild-type follicle cells
divided at similar rates, since they were observed in similar
proportions in mosaic follicle cell layers (data not shown).
These results indicate that dendos function is not required
within a particular cell or egg chamber of the ovary in order
for it to divide or develop at a normal rate (i.e. dendos is
required non-cell autonomously for normal rates of egg
chamber development and follicle cell proliferation). They
are, therefore, highly suggestive that dendos acts via a
secreted target.
Studies of mammalian a-endosulfine suggest a role in
modulation of insulin (Bataille et al., 1999; Virsolvy et al.,
2002). Our results show that dendos00003 mutant females
show a similar proliferative response defect to that found in
chico1 mutants (in which insulin signaling is defective),
suggesting that dendos may also regulate insulin pathway
signaling. To rule out that the loss of dendos function results
in the reduced expression of DILPs, we used anti-DILP
antibodies (Cao and Brown, 2001) for brain immunofluo-
rescence analysis of wild-type versus dendos00003 mutant
females (Figs. 6A,B). No significant difference was detected
in the levels of DILP expression in brain neurosecretory cells
between the two genotypes, suggesting that the production
of DILPs is unimpaired in the dendos00003 mutant. Instead,
the non-cell-autonomous requirement for dendos suggests
DILPs as likely targets, such that, in the dendos mutant,
DILP secretion levels may be reduced. Although the levels
of insulin-like bombyxin present in the brain are higher in
starved silk worms, presumably due to decreased bombyxin
secretion (Masumura et al., 2000), mice showing a severe
defect in insulin secretion show unchanged insulin content in
the pancreas (Brissova et al., 2002), which is similar to our
results. We favor the model that dendos is required in the
brain for the proliferative response to nutrition because
ablation of DILP-producing cells in the brain results in lower
rates of egg production (Ikeya et al., 2002).
Dendos is required cell autonomously for the osmotic
regulation of late oocytes
Two approaches were taken to determine where Dendos
expression is required for the osmotic regulation of stage 14
egg chambers. Eggs laid by the population of FLP/FRT flies
carryingmosaic ovaries (described above) would be expected
to include a majority of eggs derived from a Dendos-positive
germline, together with a minority derived from a Dendos-
negative germline (these arise from the flipase-mediated
recombination event) (see Fig. 7A’). A minority of the laid
eggs displayed the collapsed phenotype (data not shown). If
dendos function were required in the germline for osmotic
regulation, Dendos-negative eggs would be collapsed. On the
other hand, if dendos were required outside of the germline
for the osmotic regulation of oocytes, no correlation would be
found between Dendos expression in the laid eggs and
whether they are collapsed. To distinguish between these
Fig. 6. dendos function is not required for DILP expression. Anti-DILP
antibodies were used to stain the DILP-producing neurosecretory cells in
the brain and no significant difference was found in the levels of DILP
expressed in dendos00003 heterozygous (A) versus homozygous (B) flies.
1B1 antibodies label cell membranes.
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picked based on their appearance, and protein extracts were
made from eight eggs displaying normal morphology and
from eight collapsed eggs. Western blot analysis showed that
even though actin was present in equivalent amounts in both
cases, Dendos protein was absent from the collapsed eggs,
indicating that it is the absence of Dendos in the germline that
leads to egg collapse (Fig. 7A).
To confirm independently the germline requirement for
the osmotic regulation of stage 14 oocytes, we used the
ovoD1 dominant female sterile FRT/FLP technique (Chou
and Perrimon, 1992). Heterozygous flies carrying a den-
dos00003 mutant allele on an FRT79D chromosome (seeFig. 7. Dendos is required cell autonomously for the osmotic regulation of stage
FLP/FRT flies (mosaic for Dendos expression) (A’) show that Dendos protein is
indicates that the absence of Dendos in the germline leads to the collapse of laid e
(B’), we showed that eggs derived from a dendos00003 mutant germline are co
confirmed by anti-Dendos (green) immunofluorescence (B). Note that most of the
the ovariole shown.above) over an FRT79D chromosome containing both a
wild-type dendos allele and an ovoD1 transgene were gen-
erated (see Fig. 7B’). These flies were sterile because, when
expressed in the germline, ovoD1 blocks oogenesis at very
early stages in a dominant manner (Oliver et al., 1987).
After heat-shock induction of FLP, which catalyzes the
recombination between the FRT sites, some of the germline
cysts were homozygous for dendos00003 (see Fig. 7B). Such
homozygous mutant germline clones had lost the ovoD1
transgene (linked to the wild-type dendos allele); therefore,
they could develop past the early ovoD1-caused block.
Because any dendos00003 heterozygous germline retained
ovoD1 (and, therefore, did not develop further than the early
ovoD1-induced block), all of the eggs laid represented
dendos00003 mutant eggs. We found that all of the den-
dos00003 mutant eggs were collapsed (n = 26) and failed to
develop. These results confirmed that dendos is required in
the germline itself for the appropriate osmotic regulation of
late oocytes and also points to this defect as the likely cause
of the female sterility of the dendos mutants. These results
are consistent with the hypothesis that Dendos may interact
with an ion channel in stage 14 oocytes to regulate their
osmolarity.
Dendos levels of expression and gel mobility do not respond
to nutritional status
As discussed above, dendos function is required for the
proliferative response to nutritional status. It is possible that14 oocytes. (A) Anti-Dendos Western blots of eggs from the population of
absent from collapsed eggs, whereas non-collapsed eggs express it. This
ggs. Actin was used as a loading control. (B,B’) Using the ovoD1 technique
llapsed. The absence of Dendos expression in mutant germline clones is
follicle cells surrounding germline cysts still express the Dendos protein in
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that an increase in its activity in response to a protein-rich
food source triggers the proliferative response. Alternative-
ly, it is possible that, although dendos activity is required, it
is not limiting and acts in concert with other limiting factors.
To determine whether the levels of expression of Dendos
vary in response to rich or poor food sources, we performed
Western blot and immunofluorescence analyses using anti-
Dendos antibodies in the ovary and brain. We did not detect
any difference in Dendos levels between flies kept on the
different food sources (data not shown). Furthermore, we
did not detect any difference in the gel mobility of Dendos
in response to the nutritional source (data not shown). These
results suggest that Dendos activity is not modulated at the
level of expression or posttranslational modification in
response to nutritional cues. Two possibilities are left: either
Dendos activity is regulated via its binding to other factors
(either activators or inhibitors) according to nutritional
input, or Dendos activity does not vary.Discussion
A system to study the role of a-endosulfine in vivo
Mammalian a-endosulfine has been proposed to regulate
the secretion of small molecules such as insulin and neuro-
transmitters (Bataille et al., 1999; Kim and Lubec, 2001a;
Virsolvy et al., 2002). We have previously established the
Drosophila ovary as a model system in which to study the
regulation of adult stem cells and their dividing progeny in
response to nutritional status, and demonstrated a role for
the insulin pathway in this proliferative response (Drum-
mond-Barbosa and Spradling, 2001). Here, we demonstrate
a similar role for Drosophila a-endosulfine (dendos) in this
response. The non-cell-autonomous requirement of dendos
activity for the proliferative response to a protein-rich diet
also suggests a role in the regulation of the secretion of a
signal. Drosophila insulin-like peptides (DILPs) are likely
candidates for the secreted targets downstream of dendos.
dendos may represent an additional regulatory mechanism
for insulin pathway activation in adult females
The Drosophila insulin pathway is required for the
growth of larval tissues during development. Mutations of
different downstream components of this pathway such as
the insulin receptor, chico, PI-3 kinase and S6 kinase result
in reduced number and size of cells, and, consequently, in
smaller animals (Garofalo, 2002). Overexpression of DILPs
or ectopic activation of the insulin pathway yields increased
tissue growth (Brogiolo et al., 2001; Ikeya et al., 2002). It is
interesting to note that dendos mutants do not show any
phenotype during earlier stages of development, and adults
have normal body size (data not shown), despite the
potential role of dendos in DILP secretion. A potentialexplanation for this apparent discrepancy lies in the regula-
tory demands that Drosophila in the wild are subject to.
Adult females are considerably more mobile than any other
developmental stages; for instance, they can be blown
instantaneously from a rich food source to a poor source
or vice versa. In contrast, larvae tend to stay within the same
small area, and changes in food availability should, there-
fore, be more gradual. Indeed, nutritional changes result in
different levels of DILP expression during larval stage
(Ikeya et al., 2002), which should result in gradual varia-
tions in the levels of circulating DILPs. Due to the very high
protein demand imposed by the production of eggs, adult
females are likely to have evolved additional levels of
ovarian tissue growth regulation, and the potential regula-
tion of DILP secretion by a-endosulfine may represent an
example of such additional regulatory mechanisms. Alter-
natively, dendos may regulate the secretion of a different
factor specifically required for proliferation of ovarian cells.
The fact that the expression levels and mobility of Dendos
do not vary in response to nutritional status suggests that its
activity may be regulated via its interaction with other
proteins instead.
a-Endosulfine may regulate ion channel activity with
different outcomes in distinct cell types
In humans, a-endosulfine mRNA is expressed in a wide
range of tissues (Heron et al., 1998), paralleling the expres-
sion pattern of KATP channels (Ashcroft and Gribble, 1998;
Babenko et al., 1998). This suggests that a-endosulfine may
have roles in multiple tissues, perhaps in part through the
interaction with different KATP channel isoforms. For in-
stance, a-endosulfine is expressed at high levels in the brain
(Heron et al., 1998), suggesting a role in the nervous
system. The blockade of KATP channels by sulfonylureas
has been reported to stimulate the release of neurotransmit-
ters related to cognitive function (Lee et al., 1997). Inter-
estingly, in brains of postmortem patients with Alzheimer’s
disease, the a-endosulfine protein levels are dramatically
reduced in the frontal cortex and the cerebellum (Kim and
Lubec, 2001a,b), suggesting a positive role in neurotrans-
mitter release in normal brains.
Our results also suggest that dendos plays distinct roles
in different tissues. Whereas the non-cell-autonomous re-
quirement for the proliferative response to nutrition supports
the idea that dendos acts via the secretion of DILPs or
another factor, the cell-autonomous requirement for osmotic
regulation of stage 14 oocytes suggests a local role. On the
basis of the interactions of mammalian a-endosulfine with
the SUR regulatory subunit of the KATP channel (Bataille et
al., 1999) as well as with the voltage-gated calcium channel
(Virsolvy et al., 2002), we propose that in Drosophila, a-
endosulfine may also alter the activity of ion channels to
either regulate DILP secretion (in DILP-producing cells in
the brain or in the DILP5-producing follicle cells) or to
regulate osmolarity (in stage 14 oocytes). Also, although
D. Drummond-Barbosa, A.C. Spradling / Developmental Biology 266 (2004) 310–321320brain DILPs are produced from two clusters of neurosecre-
tory cells (Cao and Brown, 2001; Rulifson et al., 2002),
Dendos is expressed throughout the brain. It is possible that
Dendos may play a role in neurotransmitter release in
Drosophila as well. Further studies in which the prolifera-
tive response defect of the dendos mutant is rescued by
restoring Dendos expression in a tissue-specific manner (i.e.
in the brain or ovary) will be required to determine the
precise site of action of dendos. Such studies will point to
the source of the secreted proliferative signal (potentially
DILPs) whose secretion is controlled by dendos. It would
also be very interesting and informative to determine
whether or not sulfonylureas can rescue the dendos mutant
phenotype; however, our attempts have thus far been
unsuccessful due to technical difficulties. It remains to be
tested whether the Drosophila homologue of SUR (DSur),
which is highly related to the vertebrate SUR genes and has
been shown to bind to sulfonylureas (Nasonkin et al., 1999),
is involved in the biological function of dendos.Acknowledgments
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